In this paper, a new heat and mass transfer model for an electric oven and the load placed inside is presented. The developed model is based on a linear lumped parameter structure that differentiates the main components of the appliance and the load, therefore reproducing the thermal dynamics of several elements of the system including the heaters or the interior of the product. Besides, an expression to estimate the water evaporation rate of the thermal load has been developed and integrated in the model so that heat and mass transfer phenomena are made interdependent. Simulations and experiments have been carried out for different cooking methods and the subsequent energy results, including energy and power time-dependent distributions, are presented. The very low computational needs of the model make it ideal for optimization processes involving a high number of simulations. This feature, together with the energy information also provided by the model, will permit the design of new ovens and control algorithms that may outperform the present ones in terms of energy efficiency.
Introduction 1
Baking and roasting are generalized cooking methods consisting in heating the food inside an oven at al. in [7] and later papers. Some works obtained valuable results for transient responses [8, 9] , but the high 23 computational requirements of the CFD and FEM approaches make them unviable for processes involving a 24 high number of simulations, e.g., sensitivity analyses of the model parameters or optimization of temperature 25 controllers.
26
Other research groups oriented their studies to the load itself, obtaining precise models for specific 27 combinations of load and heating mode. Just to name a few, see, e.g., the work in [10] , where a model 28 that predicted the heat transferred to a metallic load was obtained, or the models presented in [11] , [12] or 29 [13], which included both thermal diffusivity and mass transfer phenomena in cake baking or meat roasting 30 processes. These models provided good results, but most of them also required long calculations (FEM) and 31 were hardly adaptable to other loads or heating modes. Additionally, in spite of being based on theoretical 32 equations, experimental data will always be necessary to evaluate heat transfer coefficients, which in essence 33 can be considered similar to an identification process.
34
In a different context, buildings have been thermally modeled by means of lumped capacitance models
35
[14, 15, 16] with apparently good results. This modeling method is based on a simplification of the heat 36 transfer equations and consists in evaluating the thermal system as a discrete set of thermal capacitances 37 and resistances. However, if the parameter set is unknown and therefore an identification process is needed, 38 model identifiability must be studied to guarantee the physical sense of the proposed structure. This property 39 was not studied in any of the cited works and, consequently, their corresponding models must only be used 40 to obtain temperature-time evolutions and not for extracting energy information from the system. To the 41 best knowledge of the authors, lumped capacitance structures have never been used to model ovens.
42
In this paper, a new model for an electric oven is presented and some energy analyses are carried out 43 to evaluate the system performance. This model, which is based on a lumped capacitance structure but 44 including the effect of water evaporation, has been built according to a method previously presented by 45 the authors [17] . Model identifiability has been studied so that the physical meaning of the model is not 46 questioned. The main contribution of this work is obtaining a model that (1) includes both the components of the appliance and the load in its interior, (2) is accurate for pure convective, pure radiative or mixed 48 heating methods, (3) estimates the water evaporation in the surface of the load, (4) explains the energy 49 exchanges between zones including losses to the ambient, (5) is easily adaptable to modifications in the oven 50 or to different loads and (6) requires a very low computational effort. The oven used in this research is a commercial Bosch brand wall oven including four resistive heating 54 elements and a fan that improves the heat distribution. The internal cavity, which is made of a steel sheet 55 and is internally enameled, has dimensions 482 × 329 × 387 mm (width by height by depth). The location 56 of the heating elements and the fan in the cavity is schematically presented in Fig. 1 . A fiberglass thermal 57 blanket surrounds all sides of the cavity except for the front, which is covered by a metal-framed multilayer 58 glass door. The oven is completed with the required electronic components and metal sheets on the bottom,
59
top, left, right and rear sides that protect the system and define the external structure. product experiments during its cooking. It was placed centered in the oven cavity at a height of 155 mm 65 from the bottom. The utilization of this brick permitted the experiments to be highly reproducible, which is 66 almost impossible if real food is used. Nevertheless, the modeling method is perfectly adaptable to different 67 thermal loads since it only requires temperature, mass and power consumption measurements.
68
Both oven and load were prepared for the realization of experimental tests. One hundred and one type-K 69 thermocouples were placed in different locations of the oven to measure the temperature in several points.
70
Forty of them were homogeneously distributed on the oven cavity, forty-five on the external metal sheets 71 and sixteen on the heating elements, four on each one. Besides, four 1-mm-diameter holes were drilled in the 72 brick ( Fig. 2) requires a significant portion of the total energy consumption of the process.
91
The tests were divided in two different sets according to their main purpose. following the method and recommendations given in the previously cited paper. For your information, the 120 connection between lumped capacitance models and heat transfer physical phenomena is also explained in 121 the same reference.
122
When using a lumped capacitance structure, a system is modeled as a set of thermal capacitors inter-
123
connected with each other by means of thermal resistances. Additionally, external temperatures or heat 124 fluxes may exist as boundary conditions. Considering a general system whose only external temperature is 125 the ambient temperature T amb , each lump i of the model (Fig. 3 ) has an equation of the following form:
where n is the order of the model, C i the thermal capacitance of lump i, R j,i and R amb,i the thermal 127 resistances between node i and, respectively, node j and the ambient, T i the temperature of node i andQ i
128 the boundary heat flux that directly flows into capacitance C i . The selection of order n should be a trade-off between the precision of the model and its complexity. In 130 our application, temperature records of Set B were analyzed by means of time series clustering methods and
131
we found that they could be separated in eight different sets which, in addition, corresponded almost exactly 132 to specific components or zones of the oven or the thermal load. This analysis led us to set a model order
133
of n = 8. In other words, this means that we modeled the system as a set of 8 thermal lumps. If specific 134 components of the system such as, e.g., the thermostat, were of particular interest, additional equations
135
can be included to model these elements by using the same procedure that we present in the paper. The 136 link between the actual components of the system and the lumps of the model, as well as the number of 137 thermocouples involved, are presented in Table 1 .
138
The general expression for all the lumps of the model (1) can now be modified to the specific charac- influence on the energy losses of the oven, it affects directly only on the external components of the system.
142
Consequently, only the connection between the ambient and lump 6 makes sense and all the others may be 143 considered negligible. Regarding the model, this is achieved by considering R amb,i = ∞, ∀ i = 6.
144
Moisture evaporation during a cooking process requires a significant amount of energy and should not be 145 ignored when building a model of an oven. LetQ ev be the heat flux absorbed by the evaporation process.
146
Then, as evaporation drains energy from the surface of the load,Q 7 = −Q ev . Note that surface evaporation 147 heat fluxQ ev might be nearly impossible to measure. However, it can be calculated if water evaporation 148 rateṁ ev is known, which are respectively linked to the oven cavity, the external metallic components and the interior of the 165 thermal load, are not directly subjected to any heat flux, i.e.,Q 5 =Q 6 =Q 8 = 0.
166
By substituting the previous expressions and developing (1) for i = 1, ..., 8, the system of differential 167 equations of the model is obtained.
173
Let u = (Q T OH ,Q 
where m w is the water mass in the load, T load and T oven are temperatures of the thermal load and the 195 oven, respectively, and a 0 , a 1 , a 2 and a 3 are constants to determine. The minus sign indicates that the
196
water evaporation rateṁ ev is positive when the water mass m w is decreasing. Note that, for constant oven 197 temperature, T oven (t) = T oven,CST , (11) becomes a linear relationship betweenṁ ev and T load ,
where b 0 and b 1 depend linearly on the constant oven temperature T oven,CST .
If the experiment is a classical baking or roasting process, where the oven temperature remains almost temperature. However, due to the much slower dynamics of the thermal load respect to the oven, this case 203 is extremely rare in practice.
204
In the experimental tests carried out in this research, the oven had a transient response because of the 205 initial conditions that prevents from using (12). The water evaporation rate of the thermal load was then 206 adjusted to the complete expression (11), using data from the tests of Set A. The average temperature of thermocouples A1 and A2 ( Fig. 1) 
where m ev is the evaporated water mass, m w,t0 is the initial water mass in the load and f 1 , f 2 , f 3 and f 4 212 are integral terms that can be calculated from T load and T oven .
Supposing that there is no thermal decomposition of the matter or it is insignificant, every variation in 214 the load will be due to water evaporation,
where m load,t0 and m load are the initial and the time-dependent load mass, respectively. Finally, by substi- 
Identification

227
The parameters of the lumped model were identified using temperature and power records of Set B.
228
Similarly to the adjustment process of Eq. (21) determined by minimizing the following weighted error function:
where (Table 1 ) were used as temperatures T i (k). Since negative resistances 243 or capacitances do not make physical sense, restrictions were included to assure that they were positive. The
244
Global Search algorithm included in MATLAB Global Optimization Toolbox was used to minimize E(θ),
245
obtaining the optimum parameter set θ * . The weights given to temperatures and the obtained identification 246 errors are presented in Table 3 . Fig. 6 shows both experimental and simulated cavity temperature (T 5 ) at 247 the end of the identification process.
248
The identification results showed that the model fitted accurately to the temperature dynamics of both there exists only one global parameter set for a model so that it is unequivocally related to the real system.
257
Identifiability demonstration of physically based models is however a hard problem because of the likely 258 arbitrary and non-linear parametrization. To solve the problem, the differential-algebraic method based on
259
Ritt's algorithm [18] and proposed by Ljung and Glad in [19] for arbitrary parametrized models was utilized 260 in this research.
261 Table 3 . Components of the actual system and corresponding weights and identification errors. Temperatures of the internal cavity and the load were considered more important and received a higher weight.
Lump Actual component
Weight Error Our model, even though it was linear in variables, presented non-linearity in parameters because of the 262 use of resistances, which were dividing temperature differences. This non-linearity, which highly increases 263 the time complexity of the method, was easily solved by substituting resistances by conductances. In this 264 way, every node equation of the model, (1), was transformed into
where G j,i and G amb,i are the thermal conductances between nodes i and, respectively, node j and the ambient. A simplified version of the algorithm, adapted to our model, was implemented in MATLAB using 
282
If only the total energy consumption was studied, not too much information would be obtained. In 
291
Energy distributions have nevertheless changed considerably at the end of the simulations (Fig. 8) It is also noteworthy that energy losses in the radiative simulation have been much higher than in the 300 convective one, mainly in stationary state. Although no obvious reasons seem to explain this behavior, an 301 analysis of the model parameters and a subsequent visual inspection of the real oven has shown that it is 302 related to two different causes. Firstly, that the insulation of the bottom part is worse than in the rest of 303 the oven, so efficiency is reduced when the bottom heating element is utilized. And secondly, that the fan 304 operation causes the heat generated in the ring heating element to flow into the cavity so less energy is lost 305 through the rear side. In this regard, the energy analysis provided by the model has been the key to detect 306 these problems. water is evaporated almost immediately after the beginning of the convective test, in the radiative one the evaporation requires a higher temperature to start. All this knowledge of the system is essential for designing 314 new and better algorithms that may be able, for example, to control not only the cavity temperature, but 315 also the water evaporation rate or the temperature of the food itself without need of additional sensors.
316
Note that the simultaneous control of these variables is precisely the key for obtaining optimum cooking 317 results. Furthermore, information of energy stored in the oven components may be used, for example, to 318 switch off the system before the end of the cooking process so that the food is eventually cooked by using 319 only the remaining energy. In this way, energy consumption may be reduced and the appliance would then 320 become more energy-efficient. Finally, it must also be noted that model parameters can be used to perform additional analyses because 322 of their physical meaning. In this regard, it has been studied the possibility of removing the top inner heating element so that all the power from the top side is supplied by an unique double-power heater. Capacitance lumped structure and has been identified by using temperature, mass and power records from experimental 333 tests, is able to estimate several variables of the system such as temperatures, heat fluxes or stored energies.
334
An experimental expression to estimate the water evaporation of the thermal load has been also included 335 in the model so that the effect of evaporation is considered and evaluated. In spite of not being based on 336 actual physical phenomena, this expression has been able to provide a great estimation of the evaporation 337 rate under diverse heating conditions without need of complex calculations.
338
Since model parameters are directly related to the actual components of the system, the presented model 
